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abstract Molecular hydrogen for which pure rotational and rovibrational clectnc dipole transitions in the free states arc symmetiy-forbidden, 
i \}):bits an infrared spectrum in the condensed phase caused by multipolar induction I hcorctical details that are essential tor the inlcrpreialion of 
iui ■ 'Micnsuv and line shapes of /ero-phonon rovibrational transitions in solid lit and its is<.*lopic variants arc discussed
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‘ in tr o d u c t io n
lui hvilf o g en  a s  th e  a rc h e ty p ic a l  m o le c u la r  q u a n tu m  c ry s ta l  
it! ia sem atin g  lo w  te m p e ra tu r e  b e h a v io r ,  s e e m s  to  p re s e n t  
Mdiess o p p o r tu n it ie s  a n d  c h a l le n g e s  to  e x p e r im e n ta l i s t s  a n d  
' '  >! I d , a lik e . T h e  s p e c ia l  a p p e a l  o f  th e  s o l id  h y d r o g e n s  (I l 2- 
' 111' c h . )  to  s p e c tr o s c o p is t s  s te m s  fro m  th e  fa c t th a t  th e  
~ ['base p r o p e r ty  o f  q u a n t i z e d  e n d - o v e r - e n d  m o le c u la r  
' LUion p e rsis ts  in  th e  so lid  d o w n  to  0  K  a n d  sp e c tra l  h n e w id th  
! ! liK n ^ s la l l in e  p h a s e  a re  a lm o s t  tw o  o rd e rs  o f  m a g n i tu d e  
i :ino\\er th an  th e  D o p p le r  l im ite d  g a s  p h a s e  s p e c tra l  lin e s . A 
}'riicularly g r a t i f y in g  fe a tu re  is th a t  m a n y  o f  th e  c o n d e n s e d  
p ro p e rties  a re  a m e n a b le  Ib r  ah  in itio  th e o re tic a l a n a ly s is . 
'Ur la b o ra to ry , fo r  m a n y  y e a r s ,  w e  h a v e  b e e n  a d d re s s in g  
problem  o f  th e  l in e  s h a p e s  a n d  in te n s i t ie s  o f  in f r a re d  
absorption f e a tu r e s  in  s o l id  h y d r o g e n  c o n s i s t in g  o f  z e ro -  
s in g le  a n d  d o u b le  r o v ib r a t io n a l  t r a n s i t io n s .  O n e  m a y  
that th e s e  in f r a r e d  t r a n s i t io n s  a re  s t r o n g ly  f o rb id d e n  in 
- b ee  m o le c u le s ,  b u t  o c c u r  in  th e  c o n d e n s e d  p h a s e  b y  
>^‘Uliipolar in d u c t io n  11J. It is c le a r  th e r e f o r e  th a t  k n o w le d g e  
>^1 the v a r io u s  m u lt ip o le  m o m e n ts  o f  H 2 a re  e s s e n t ia l  fo r  th e  
f^-rect in te r p r e ta t io n  o f  th e  a b s o r p t io n  in te n s i t ie s .  In th is  
ro v ib ra t io n a l  m a tr ix  e le m e n ts ,  m o s t  a c c u ra te  till  d a te , 
hie m u itip o le  m o m e n ts  a n d  p o la r iz a b i l i t ie s  o f  H 2 b o th  in  
so lid  p h a s e  h a v e  b e e n  c o m p u te d  b y  u s  [2 ] . R e c e n tly ,  
e x te n d e d  s o m e  o f  t h e s e  c a l c u l a t i o n s  to  th e  h e a v i e r
i s o to p o m e rs  o f  th e  H : m o le c u le .  C e r ta in  a s p e c ts  o f  th e  lin e  
s h a p e s  a n d  in te n s it ie s  o f  a b s o rp tio n  fe a tu re s  in so lid  h y d ro g e n  
a n d  th e  la te s t d e v e lo p m e n ts  in  th is  f ie ld ,  p a r t i c u la r ly ,  th e  
c o n tr ib u t io n  fro m  o u r  la b o ra to ry ',  w ill  b e  r e v ie w e d  in  th e  
p re s e n t  p a p e r .
O n e  m a y  re c a ll  th a t  b e c a u se  o f  th e  s y m m e try  r e q u ir e m e n ts  
o n  th e  t o ta l  w a v e f u n c t io n ,  i n c l u d i n g  th e  n u c l e a r  s p in ,  
h o m o n u c le a r  d ia to m ic  m o le c u le s  su c h  a s  H 2 a n d  D 2, e x is t  in 
tw o  q u a s i-m c ta s ta b le  o r th o  a n d  p a ra  m o d if ic a t io n s  w h ic h  in 
m a n y  e x p e r im e n ts  can  h e  re g a rd e d  a s  d is tin c t,  s ta b le  m o le c u la r  
fo rm s  13 ]. T h e  o r th o - H 2 m o d if ic a t io n  r e fe r s  to  m o le c u le s  
w ith  to ta l  n u c le a r  sp in  a n g u la r  m o m e n tu m  q u a n tu m  n u m b e r  
7’ ” | / ,  f , \ - :  1 a n d  ro ta t io n a l  a n g u la r  m o m e n tu m  q u a n tu m
n u m b e r  , / o d d  ( th e  so  c a l le d  ‘'a n t i s y m m e tr ic ’' le v e ls  [3 ]) , a n d  
p a r a - lL  to  T 0 a n d  J  e v e n  ( th e  ‘'s y m m e t r ic ’' le v e ls  |3 ] ) .  O n  
th e  o th e r  h a n d  o r th o -D :  c o r re s p o n d s  to  T  ^  0  o r  T  -  2  a n d  J  
e v e n , w h ile  p a r a - D 2 g o e s  w ith  T  1 a n d  J  o d d . A t th e  lo w  
te m p e ra tu re s  a t  w h ic h  so lid  s a m p le s  h a v e  to  b e  n e c e s s a r i ly  
s tu d ie d ,  o n ly  th e  J  0  a n d  J  ^  1 le v e ls  a r e  a p p r e c ia b ly  
o c c u p ie d  a n d  th e  s o l id  c a n  b e  r e g a r d e d  a s  a  m ix tu r e  o f  
m o le c u le s  in th e  s p h e r ic a lly  s y m m e tr ic  a n d  th e  f ia t te n e d  
o r  e lo n g a t e d  J  -  1 s t a te s .  S in c e  t e c h n i q u e s  h a v e  b e e n  
d e v e lo p e d  w h ic h  m a k e  p o s s ib le  e x p e r im e n ta t io n  o n  H 2 a n d  
D i  so lid s  w ith  a n y  d e s ire d  o r th o -p a ra  c o n c e n tra t io n  ra tio ,  th e s e  
s o l id s  o f f e r  u n iq u e  o p p o r tu n i ty  to  s tu d y  th e  a n i s o t r o p i c
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in te ra c t io n s  a n d  m o le c u la r  o r ie n ta t io n  p h e n o m e n a  The ML) 
m o le c u le  is , o f  c o u rs e ,  h c tc ro n u c le a r  a n d  h e n c e  th e re  is n o  
p a ra  o r  o r th o  m o d if ic a t io n  o f  H D  A ll th e  m o le c u le s  in so lid  
I ID  a re  n o rm a lly  in th e  J  =- 0  s ia te .
2. T h e  ty p ic a l  s p e c t ru m  in so lid  h y d ro g e n
T h e  h o m o n u c le a r  m o le c u le s  lik e  Hz a n d  Dz d o  n o t h a v e  a  
p e rm a n e n t  d ip o le  m o m e n t  a n d  th e re fo re  p u re  ro ta t io n a l  a n d  
ro v ib ra t io n a l  e le c t r ic  d ip o le  tra n s it io n s  in th e  free  s ta te  a re  
sy m m e tr \ '> fo rb id d e n . H o w e v e r , th e se  m o le c u le s  e x h ib it  an 
in f ra re d  s p e c tru m  in th e  c o n d e n s e d  p h a se  w h ic h  a r is e s  f io m  
th e  e le c t r i c  d i p o le  m o m e n ts  in d u c e d  b y  th e  m u lt ip o la r  
in te ra c t io n s  a m o n g  th e  m o le c u le s  [4 8] S in c e  tlie  sp e c tru m  
re su lts  fro m  th e  m u lt ip o le  f ie ld - in d u c e d  d ip o le  m o m e n t v\ h ich  
is th e  p ro p e r ly  o f ‘a p a ir  o f  m o le c u le s ,  n o t o n ly  tra n s it io n s  d u e  
to  s in g le  m o le c u le s  b u t a ls o  s im u l ta n e o u s  t r a n s i t io n s  of 
in d iv id u a l  m o le c u le s  in a H^ p a ir  u p o n  a b s o rp tio n  o f  o n e  
p h o to n  - th e  so  c a l le d  d o u b le  tra n s it io n s ,  a re  o b se rv e d  A lso , 
th e  in d u c e d  d ip o le  m o m e n ts ,  a m o n g  o th e r th in g s , d e p e n d  on 
th e  o r d e r  o f  th e  m u l t i p o la r  in d u c t io n  a s  w e ll  as on  th e  
in te rm o le c u la r  s e p a ra t io n . A s  th e  in te rm o le c u la i  s e p a ia i io n s  
a re  c o n s ta n t ly  b e in g  m o d u la te d  b y  th e  la ttic e  v ib ra t io n s , it is 
n a tu ra l  to  e x p e c t  th e  la ttic e  m o d e s  to  g e l c o u p le d  to tlie  inner 
ro v ib ra t io n a l  e x c i ta t io n s  in th e  in d iv id u a l m o le c u le s
T h e  in f ra re d  a b s o rp t io n  o f  th e  so lid  hydrogen.s  t \p ic a l lv  
c o n s is ts  o f  tw o  p a r ts  : r e la tiv e ly  s h a rp  fe a tu re s  e ac h  o fw  h ich  
IS a c c o m p a n ie d  b y  b ro a d  a b s o rp t io n  c o n to u rs  on  th e  h ig h e r 
f r e q u e n c y  s id e  a s  s h o w n  in I ’ig u rc  1 f h e  sh a rp  lin e s  a re  
in te rp re te d  to  b e  t r a n s it io n s  a m o n g  th e  le v e ls  a s so c ia te d  w ith
Figure I. I\pical /cro-phonon single and double IK Inmsiiions and 
associated phonon branches in solid II; (a) shows the pure roialunial single 
transition O'o, o(0) m solid para-H;. is the associated plionon branch and 
(b) shows the pure rotational double transitions .Vi,, o(th  ^ Vu ,.(l) and 
,V„*(»(1) ^ *SW<i(l) 'I he respective phonon branches arc denoted In 
riic symbols *V and U stand tor transitions with \ J  J ' J ” -■ 1 and 4. 
rcspectivel> Ihe numerals in brackets refer to 0 lor para and 1 tm 
ortho) The subsripts describe the vibrational iransiiion (i ' < v")
th e  in te rn a l  d e g r e e s  o f  f r e e d o m  o f  o n e  m o le c u le  isiumi 
t ra n s it io n s )  o r  a  p a ir  of m o le c u le s  (d o u b le  tran s itio n s)  u 
a n y  p h o n o n s  b e in g  in v o lv e d  in th e  p ro c e s s  an d  arc tuuK- 
V c i o - p h o n o n  l i n e s ” 1 h e  a c c o m p a n y i n g  b ro a d  
re p re se n t c o m b in a tio n  to n es  m w 'hich  th e  ab so rp tio n  ot a siru;j 
p h o to n  e x c i te s  an  in te r n a l  t r a n s i t io n  in o n e  o r a pan c- 
m o le c u le s  w ith  th e  s im u lta n e o u s  c re a tio n  o f  p h o n o n s  m n,, 
c r y s t a l .  H i s t o r i c a l l y  t h e s e  h a v e  b e e n  c a l l e d  ‘'pliopu- 
b ra n e h e s" .
3 . T h e o r e t i c a l  p r e l i m in a r ie s  : o r ig in  o f  th e  s p e c tru m
f h e  b a s ic  e x p e r im e n ta l  q u a n ti l )  lh a t is d ire c tly  reialabl;. i,, 
l in e  in te n s i ty  is th e  in le g ia te d  a b s o r p t io n  c o e ff ic ic m  
d e f in e d  as .
(< - A 7 ) J in ( /„
Here e is (he speed o f  liL’ht, A, and / arc, respectivcl} Wm 
incident and tiansmilted iniensitics, r is the w-avenumbu 
the line ( u ;  cm '), / is the sample length and ,V is the n u i i s nc -  
(d the ahsoihiiig molecules per cm ' I heorctica!l\, r/ iMcbiir ' 
lo tlie mainx elements of the nuiiReti dipole moineni ;j
a v i ' l
* ( , n
vvheie ) and j / /// 'j aie the initial and final slale^ s iii 
/?,. being the respective degeneraev labels, and d,{ '2J"  ^ i :■
(he degree (»f Ihe initial state degeneracy, (he nek c; 
developing expicssion for a  tor any specific transiiiou :b;.- 
reduces lo one of evaluating the appropiiale expressini* iff 
the indueed dipole moment
Hie theoretical oiigm ofihe vaiious /ero-phoiu>n 
and double transitions in relation lo the induction meciKmi 
has been outlined b> Van Kranendonk and review'ed by Sdvei. 
and Rao (7 o/ |4 7j In (>uler lo gam some insight mm tL 
induction mechanism, consider a pair ofmolecules I ancH p 
shown III f iguic 2 Molecule I l^  placed at the ong'n o( /
/




I’lgiJi c 2. IsoUnpic and aniMitiopic dipole momcnl imiuciion in I 
A b\ the /i-lh ordei nuiltipole field td'Ih molecule I at the origin 
ate. lespeclivcK, the isoiiopic and anisoimpie polan/abilitic.s of 
A I or e\aci exptcs.sions lor //"“■ and //*" see jS I0|
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fixed  c o o rd in a te  s y s te m  X Y Z . T h e  c e n te r  o f  th e
,, A IS lo ca ted  b y  th e  p o s it io n  v e c to r/T j^ T h e  o r ie n ta tio n  
v,ite axes o f th e  tw o  m o le c u le s  is g iv e n  b y  ( =  a n d  
v'a ) e le c t r ic  f ie ld  a t  m o le c u le  k,  d u e  to  the  
, moment o f  m o le c u le  1 w o u ld  p o la r iz e  k to  p ro d u c e  
” j V' (luiijcod d ip o le  m o m e n t /i,nd (1 , T h is  h a s  an  iso tro p ic  
.) iponcnt p a ra l le l  to  th e  f ie ld  a n d  a n o th e r  a n is o tro p ic  
(Jijc to  th e  a n is o tro p ic  p a rt o f th e  p o la r iz a b ili ty  ten so r)
;,, h 1- d ep en d en t o n  th e  o r ie n ta t io n  o f  k. S y m b o lic a lly ,  o n e
. (ft), ) . /? ,-* '* '’ ] ■ « ( * ) ,  (3 )
(4 )
: [U cx[>rcssions a b o v e ,  Q f ( \ )  is th e  2^*pole  m o m e n t o f  
na-lcuilc I, a  a n d  a re ,  r e s p e c t iv e ly ,  th e  is o t r o p ic  a n d  
, - isomtp ic  p a rts  o f  th e  p o la r iz a b i l i ty  o f  m o le c u le  k a n d  K / a/ 
a! h a rm o n ic . N o te  th a t  a  a n d  /  p a ra m e tr ic a lly  
. pi rui r*n the  m le rn u c le a r  se p a ra t io n  (/*i o r  r^) in th e  re sp e c tiv e  
-  Ilk L x p h c itly , th e  m o m e n t  is g iv e n  by
^ e , / ? ; / H c o s ^ y , ) ^ ,  (5 )
. the su m m atio n  is o v e r  th e  e le c tro n s  as w e ll as th e  n u c le i 
decule  a n d  th e  e x p e c ta tio n  v a lu e  is o v e r  th e  e le c tro n ic  
'r.iJ} Mate f o r  c e n tro - s y m m e tr ic  m o le c u le s  lik e  Uj ,  { ) ( is 
, / d o  on ly  fo r  e v e n  v a lu e s  o f  t  > 2 .  H o w e v e r , th e re  is n o  
oJ- u'su K'tion fo r h e tc r o n u c ic a r  m o le c u le s  lik e  H D  e/c\  T h e  
j 'a it  e x p re ss io n s  h i r  th e  ( la b - f r a m e )  sp h e r ic a l  c o m p o n e n ts  
int; t w o  p a rts  o f  th e  m u lt ip o le  in d u c e d  d ip o le  m o m e n ts  
‘iidi arc n e e d e d  fo r  q u a n ti ta t iv e  c a lc u la tio n s  c an  be  fo u n d  
i | ^  ! 0 j
i ?om the  s t ru c tu re  o f  eq . (3 )  it is c le a r  th a t  c an  c a u se  
- )vibrational t r a n s it io n  in m o le c u le  I o b e y in g  th e  se le c tio n  
(  w ith  o r  w i th o u t  a  p u re  v ib ra t io n a l  tra n s it io n  in 
‘ ‘KCale A. T h e  f o rm e r  re s u lts  in a  d o u b le  t r a n s it io n  of th e  
+  ) a n d  in th e  la t te r  c a s e  w e
a s in g le  t r a n s i t io n .  T h e  n u m b e r  in p a re n th e s is  is th e  
>-ilK)nal q u a n tu m  n u m b e r  J")  o f th e  m o le c u le  in its lo w er 
At the  te m p e ra tu re  o f  s o l id -H 2 (<  14 K ), w e  e s se n tia l ly  
‘ivc y 0 to r  a  p a ra  m o le c u le  a n d  1 fo r  a n  o r th o  m o le c u le .
sym bol (J h e re  s ta n d s  fo r  a  t r a n s it io n  in w h ic h  A J ^  ( , / ' -  
‘ 0 I l ie  s u b s c r ip t  in  th e  t r a n s i t io n  in d ic a te s  th e  c h a n g e  in 
'^"ational q u a n tu m  n u m b e r  v, th e  lo w e r  s ta le  a lw a y s  b e in g  
" ^ lo r a b s o rp t io n  sp e c tra .  T h e  re la tio n  fo r  //■", n a m e ly ,
■I (4) su g g e s ts  th e  p o s s ib i l i ty  o f  a  d i f f e re n t  k in d  o f  d o u b le  
‘‘Potion in w h ic h  b o th  m o le c u le s  in th e  p a ir  (1 , A) can  c h a n g e  
ro ta tio n a l s ta te s  w ith  A ^  I  a n d  A J* ^  2 , b u t w ith o u t  
restriction  o n  th e ir  v ib ra t io n a l  tra n s it io n s . T h e  e x p re ss io n s  
‘tnd (5 .4 )  r e s t r ic t  o n ly  th e  ro ta t io n a l  t r a n s it io n s  th a t th e
in d iv id u a l m o le c u le  c an  p e rfo rm  in th e  p a ir . H o w e v e r , th e re  
is n o  re s tr ic tio n  on  th e  v ib ra tio n a l tra n s it io n s  w h ic h  m a k e s  it 
p o ss ib le  to  o b se rv e  p u re  ro ta tio n a l a s  w e ll a s  ro v ib ra tio n a l 
tra n s it io n s  in th e  fu n d a m e n ta l a n d  o v e r to n e  re g io n s .
4 , S c a lin g  law .s f o r  th e  in te n s i t ie s
It is in te re s tin g  to  u n ra v e l fro m  eq s. (2 )  (4 )  th e  s c a lin g  law s 
th a t g o v e rn  th e  in ten sitie s  o f th e  m u ltip o le  f ie ld - in d u ce d  d ip o le  
sp e c tru m  v i s ^ - v i s  th e  s tre n g th s  o f t h e  m u lt ip o le  ra d ia tio n  o f  
th e  c o r re sp o n d in g  o rd e r  in th e  iso la te d  ( f re e )  m o le c u le . T h e re  
is h a rd ly  a n y  d is c u s s io n  o f  th is  a s p e c t  in th e  p u b l is h e d  
lite ra tu re . l o  fix o it  id ea s, let us c o m p a re  th e  q u a d ru p o le
m o m e n t - in d u c e d  d ip o le  a b s o r p t io n  s t r e n g th  « | i : i :  ()2 
in d u ce d ]  m n e a re s t  n e ig h b o r  p a ir  in so lid  para-1 Ij w ith  th e  
q u a d r u p o la r  a b s o r p t io n  s t r e n g th  f / | i : 2 i  m th e  f r e e  H> 
m o le c u le  F ro m  eqs. (2 )  a n d  (3 )  w e  h a v e , a  [H i ;  Q:  in d u c e d )  
-  {^7T^/3h) ( Jy  cx' l^R\k  ^ {(X is th e  p o l a r i / a b i l i t y  a n d  is 
q u a d ru p o le  m o m e n t)  FToin th e  s ta n d a rd  th eo ry  o f  m u ltip o le  
ra d ia tio n  o n e  c an  o b ta in  : a  [l^2 | -  (S /r^k l//) cr  ^ (/>•’ ( a  
is th e  w a v e n u m b e r  o f t h e  tra n s it io n ) . 'H m s,
in d u c e d ]  5 
r/[ A'2; (>. free  m o le c u le | 1 0 ^
sh o w in g  that th e  q u a d ru p o le  m o m e n t in d u ced  d ip o le  sp e c tru m  
is 5 o rd e rs  o f  m a g n itu d e  s t ro n g e r  th a n  th e  f re e  m o le c u le  
q u a d ru p o le  s p e c tru m .
Y et a n o th e r  in te re s tin g  a n d  m o re  e le g a n t s c a lin g  ru le  is 
o b ta in e d  by c o m p a r in g  th e  a b so ip tio n  s l ic n g lh s  o f l r a n s i t io n s  
d u e  to  in te ra c tio n  by  th e  2^'~ m o m e n t a n d  2^ m o m e n t (w ith
2 ,4 ,  6 , t'/c* In c c n tro 's y m m c tr ic  sy s te m s  lik e  If), m o m e n ts  
w ith  t  1 ,3 ,  5, c/c\  v a n ish ) . F ro m  e q s  (2 )  a n d  (3 )  w e  m a y  
w rite .
//[ A 1, 4 ? - in d u c e d  ] (J, +)
r>|AH, (), in d u c e d ]  Q,
In a to m ic  u n its  w e m a y  w rite  {)( cxa/  ( r - e le c l r o n ic  c h a rg e , 
^A rB ohr ra d iu s ) , so  th a t th e  a b o v e  ra tio  ra d u c c s  lo  - { a J R u , f  
w h e re  w e  m ay  id en tify  w ith  th e  n e a re s t  n e ig h b o r  d is ta n c e  
( 3 .8  A fo r  so lid  H j). In c o n tra s t  lo  th is  s i tu a tio n , if o n e  w e re  
to  o b se rv e  d ire c tly  th e  c o rre s p o n d in g  m u lt ip o la r  tr a n s it io n  o l 
su c c e ss iv e  o rd e rs  in th e  iso la te d  m o le c u le , liie  ra tio  o f  th e  
a b so rp tio n  s tre n g th  w o u ld  h a v e  sc a le d  as :
1, (;,^t,free molecule) ( 
or[£^’; free  m o le c u le ]  { A
(A -ty p ica l t r a n s it io n  w a v e le n g th ) .  F ro m  th e  fo r e g o in g  w e  
d e d u c e  th a t  in g e n e ra l in d u c e d ]  s c a le s  a s  { a ( / R u y ^
w h e re a s  dfE^:  f ree  m o le c u le ]  g o e s  a s  {aJA)-^.  In  so lid  H 2, 
/ ? u - '  3 .8  A, w h e re a s  A is a ty p ic a l IR  w a v e le n g th  ( 2 4 0 0 0  A 
fo r th e  o r ig in  o f  th e  fu n d a m e n ta l  b a n d ) . T h e  fa c t  th a t  in  so lid
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u p  to  n o w  o n e  h a s  b e e n  a b le  to  o b s e rv e  tr a n s i t io n s  w ith  
A ./ -  8 ( i n d u c e d  b y  (^R -p o Ic ) h a s  m u c h  to  d o  w ith  th e  
o v e r w h e l m i n g l y  f a v o r a b l e  s c a l i n g  la w s  g o v e r n in g  th e  
s t ie n g th s  o f  th e  in d u c e d  sp e c tru m . I 'h c  in d u c e d  sp e c tru m  th u s  
a f fo r d s  a  m e a n s  o f  e x p e r im e n ta l ly  d e te rm in in g  th e  v a r io u s  
m u lt ip o le  m o m e n ts  o f  H 2.
5. L in e  in te n s i t ie s  o f  z e ro -p h o n o n  tr a n s i t io n s
In S e c tio n  3 w e  d is c u s s e d  p o s s ib le  t r a n s i t io n s  w h ic h  c a n  b e  
c a u s e d  b y  is o tro p ic  a n d  a n is o tro p ic  c o m p o n e n ts  o f  in d u c e d  
d ip o le  m o m e n t .  T o  c a lc u la te  th e  a b s o rp t io n  in te n s i ty  o f  z e ro -  
p h o n o n  s in g le  tra n s i t io n s ,  th e  n e t in d u c e d  m o m e n t (//*^) is 
f irs t o b ta in e d  b y  s u m m in g  th e  in d u c e d  d ip o le  m o m e n t  { t \  
1, k),  d u e  to  a  p a ir  o f  m o le c u le ,  o v e r  a ll th e  m o le c u le s  in th e  
c ry s ta l  ( o f  c o u rs e  m o le c u le  I is e x c lu d e d ) . I'he m a tr ix  e le m e n t 
to  b e  u se d  in e q . (2 )  is th e n  o b ta in e d  b e tw e e n  th e  in itia l s ta te  
v ' '  ■ 0 , J ” - 0  ( o r  1) a n d  th e  fin a l s ta te  v ' v, J '  t  ( o r  ^ 1).
In  th e  c a s e  o f  d o u b le  t r a n s i t io n s  o n e  f irs t e v a lu a te s  th e  m a tr ix  
e le m e n t  o f / / ,  ( p a ir  I , A) b e tw e e n  th e  a p p ro p r ia te  (p ro d u c t)  
in itia l a n d  f in a l s ta te s  o f  th e  m o le c u la r  p a ir  (1 . a n d  su b s titu te s  
th e  re s u lt  in e q  (2 )  to  o b ta in  th e  p a r tia l  a b s o rp tio n  c o e f f ic ie n t  
a ( I ,A )  fo r  th e  p a ir ,  n e t a b so rp tio n  c o e ff ic ie n t  is th en  g iv e n
b y  th e  su m  k ^ \ ) .  W h ile  th e  th e o ry  o f  a b s o rp tio n
k
i n te n s i t i e s  o f  a l l  k in d s  o f  s in g le  t r a n s i t i o n s  a n d  d o u b le  
t r a n s i t io n s  in  p a ra -H ^  p a ir  h a s  b e e n  d is c u s s e d  e x te n s iv e ly  b y  
B a la s u h ra m a n ia n  et al a n d  M a  cf al 1 10 12J ten  y e a rs  b a c k , 
th e  in te n s i t ie s  o f  s im ila r  t r a n s i t io n s  in v o lv in g  o r th o -p a ra  p a ir , 
d e s c r ib e d  a s  “ m ix e d  d o u b le  t r a n s i t io n s " ,  a w a ite d  th e o re tic a l  
e lu c id a t io n  fo r  w a n t  o f  e x p e r im e n ta  d a ta  a t th a t  lim e . A  g o o d  
n u m b e r  o f  th e  m ix e d  d o u b le  tra n s it io n s  w e re  o b se rv e d  re ce n tly  
b y  W in n e w is s e r ’s g r o u p  in  G ie s se n  ( 1 3 ,14] a n d  s u b s e q u e n tly , 
t h e o r e t i c a l  f o r m u l a s  w e r e  d e v e l o p e d  b y  M i s h r a  a n d  
B a la s u h r a m a n ia n  [ 1J fo r  th e i r  in te n s i t ie s .
I t  is  e v i d e n t  f r o m  e q s ,  ( 2 ) - ( 4 )  t h a t  c o r r e l a t i o n  o f  
e x p e r im e n ta !  in te n s i t ie s  to  th e o re tic a l  p re d ic t io n s  c a l ls  fo r  a  
k n o w le d g e  o f  th e  m a tr ix  e le m e n ts  o f  Qi, a{k) tind y{k) b e tw ee n
r o v ib ra t io n a l  s ta te s  o f  m o le c u le s  I a n d  k^  c h a ra c ie n /m a   ^
t ra n s it io n . In  o rd e r  to  o b ta in  th e  ro v ib ra t io n a l  m a trix  elcrrp ■ 
e s s e n t ia l ly ,  o n e  c o m p u te s  th e  in te g ra l
(v  J l / ( /? ) lv ' . / ' )  =  J x.AR)f{R)xMR)dR ,
w h e r e /(/?) -  Q ^ R ) ,  a { R )  o r  y {R )  a n d  denotes th.
ro ta t io n  - d e p e n d e n t  v ib r a t io n a l  w a v c f u n c t io n s  defined  
c e n te r  o f  m a s s  (C M ) re fe r e n c e  f ra m e . R o v ib ra tio n a l 
e le m e n ts ,  m o s t  a c c u ra te  till  d a te ,  o f  th e  m u lt ip o le  momenr 
u p  to  r a n k  10 o f  H 2 a n d  a ll its  i s o to p ic  v a r ia n ts  have hee’i 
c o m p u te d  b y  u s  [2 ,1 5  - 17 ]. It is w o r th  m e n t io n in g  that lof t|-L 
h e te r o n u c le a r  v a r ie tie s  H D , D T  etc ,  th e  c a lc u la tio n s  bccoim 
a  n o n - t r iv ia l  e x e r c is e  d u e  to  th e  n o n - c o in c id e n c c  o f tin ! 
g e o m e tr ic  c h a rg e  c e n te r  w ith  th e  c e n te r  o f  m a ss  (C M ) of iht i 
m o le c u le s .  T h e re fo re ,  fo r  th e  h e te r o n u c le a r  iso to p o n ic r^  v 1^ 
n e c e s s a r y  to  f i r s t  t r a n s f o rm  th e  b o n d  d is tan ce-d ep en d en t 
m u lt ip o le  m o m e n t  fu n c tio n s  to  th e  C M  c o o rd in a te s  ti 
r e s u lt ,  th e  c o m p u ta t io n s  h a d  to  in c lu d e  e v e n  a s  w e ll as odj 
v a lu e s  o f  t, u n lik e  fo r  th e i r  h o r n o n u c lc a r  c o u n te rp a r ts  H »cu 
w h e re in  o n ly  e v e n  i  c a n  o c c u r .  M o re  d e ta i ls  m a> h e  obtamcii 
f ro m  [1 6 ] .
A n e x h a u s tiv e  l is tin g  o f  th e  p o la r iz a b i l i ty  m a tr ix  ckuicii;, 
a rc  g iv e n  b y  H u n t c t  a t  \ 17]. H o w e v e r ,  it tu rn e d  ou\ !ha' 
c e r ta in  o f  th e  o f f - d ia g o n a l  p o la r iz a b i l i ty  m a tr ix  d cm ciu  
i n v o lv i n g  A v < I ,  n e e d e d  in  t h e  a b s o r p t io n  in te n sit ' 
c a lc u la tio n , a re  n o t lis te d  in th is  p a p e r  a n d  h a d  to  b e  LoinpuicJ 
a f re s h  b y  u s  [1 8 ]  u s in g  th e  (m o r e  a c c u r a te )  r-dcpcnuL*n! 
p o la r iz a b i li ty  fu n c tio n s  g iv e n  R y c h lc w s k i 119], W e bciicu' 
th e s e  a re  m o re  a c c u ra te  th a n  th e  e a r l ie r  re s u l ts  117]. Wc ais 1 
s tu d ie d  th e  e f fe c t  o f  in te n n o le c u la r  p o te n t ia l  o n  the  man in 
e le m e n ts  o f  a { k )  a n d  y { k )  w h e n  th e  m o le c u le  e x is ts  m ilw 
so lid  p h a se . It tu rn e d  o u t  th a t  th is  e f fe c t  is in d e e d  negligible 
as  m a y  b e  se e n  f ro m  th e  c o m p a r is o n  o f  th e  g a s  pha.se and 
c o n d e n s e d  p h a s e  m a t r ix  e le m e n ts  o f  Q i  b e tw e e n  certair. 
s e le c te d  s ta te s  g iv e n  in T a b ic  1. T h is  is a s  e x p e c te d  .smu 
h y d ro g e n  fo rm s  a  w e a k  so lid .
1 able I. C-onipanson of the gas phase and condensed phase adiabatic matrix elements of the 2''polc moments Q/ Qi/eai) of II?
V J
< 0 J |y 2 | v7  -f2
CiU!.'’
< o ./|0 ,,| 6>" v. ;h'8>" <0.?ieiol vJrlO ‘
(ias* (\>nd Cond Ga.s‘ Cond Gas* Cond. Gas* C'oml
0 0 0 484 732 0 485 602 0 340 92 0 342 30 0 226 3 0.227 8 0 155 3 0 156 6 0 114 3 0 I ! . ' '
0 1 0 486 855 0 487 728 0 345 55 0.346 96 0 232 1 0.233 6 0 161 3 0.162 7 0.120 3 (1 1:1 ('
1 0 0 078 242 5 0 078 .UO 8 0 118 78 0 119 23 0 114 9 0 115 6 0.099 15 0.099 98 0.085 02 0 ORj
1 1 0 071 963 0 0.072 039 9 O.UO 73 0.111 14 0 107 9 0 108 6 0 093 83 0.094 62 0.080 90 0 1181 8.‘
2 0 -0 011 6.^ 5 3 -0 011 668 7 -0  000 607 -0.000 631 OOn 91 0.01! 97 0018 87 0.019 02 0.021 49 0 021
2 1 -0011 818 0 -0 011 850 7 - 0 033 116 0.003 148 0 007 68 0.007 71 0 013 92 0.014 02 0 016 27
0 0.001 928 7 0 001 935 5 -O.OOI 707 -0.001 713 -0  002 83 -0  002 85 -0.002 04 -0 002 07 -0.001 21 -0 001 23
3 I 0 002 129 9 0 002 137 1 -0.001 196 -0  001 199 -0  002 64 -0.002 66 -0.002 40 -0  002 43 -0.002 03 -0.002 02
“ In atomic units.  ^From |2]
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j Lin‘-s h a p e s
r'nc sptviriim sh o w n  in F ig u re  I il lu s tra te s  th a t th e  s in g le  
th e  - 1 0 0 %  p a ra -H i so lid  is q u ite  sh a rp  
le ihc d oub le  tra n s it io n s  a re  b ro a d . T h is  is d u e  to  so lid  
, iniei actions. In the  p re sen ce  o f  in tc m io le c u la r  in terac tion , 
roiational/vibrational ex c ita tio n  in a  m o le c u le  in the  crysta l 
1^, 1,11 longer be e x p ec te d  to  re m a in  lo ca liz ed  and  th e re  o ccu rs
i,i,Tiiation o f  ro to n  o r  v ib ro n  e n e rg y  b a n d s  in th e  so lid . 
i„ happing o f  th e  ro ta tio n a l e x c ita tio n  fro m  m o le c u le  to  
.„joailc IS d r iv e n  b y  th e  d o m in a n t  e le c tr ic  q u a d ru p o le -  
a n is o tro p ic  in te ra c t io n . C o r re s p o n d in g  to  the 
M  0  pu re  ro ta tio n a l e x c ita tio n  a ro to n  b an d  o f  w id th  
■ ..m ' has been  o b se rv e d  [5]. L ik e w ise  th e  v = 1, . /  = 0  
Jilt ^ lb ra tio n a l e x c i ta t io n  in a  p u re  p a r a - I L  c ry s ta l  is 
h ,,1.1. lied into a  v ib ro n  b a n d  o f  w id th  ~3  cm  d u e  to  th e  
' . ir. piL part o f  th e  in te rm o le c u la r  in te ra c t io n  [5] E ach  
i:.i ime wave so lu tio n  o f  th e  ex c ito n  p ro b lem  is ch a rac te rized  
h\ ,1 Hlock v ec to r k  .spann ing  th e  B rilio u in  zo n e  T h e  w id th  
...w 'uaud w ith th e  h ig h e r  e x c ita tio n s  a rc , as a ru le , sev e ra l 
‘’m a ile r s in c e  (w e a k e r )  h ig h e r  o rd e r  te rm s  in th e  
.. .iti 'lecular p o te n tia l a rc  in v o lv e d  in th e ir  p ro p a g a tio n  and  
t v.idths Ilf th e se  e x c ita tio n  b an d s , as e x p la in e d  in [7]. a re  
'. .•.i!.‘d o n ly  in th e  d o u b le  t r a n s i t io n s .  In th e  s in g le  
! j ' ' iums, the r e q u ire m e n t  o f  m o m e n tu m  c o n s e rv a tio n , 
ihe c ry s ta l m o m e n tu m  h k ,  fo rb id s  a c c e ss in g  o f  all 
L'l.iy. -.Mies in a b an d  ex c e p t tho.se in th e  v ic in ity  o f  1 A| *  0  
I ;!it‘ p iesencc o f  im p u ritie s , w h ich  m a y  ev en  b e  ortho-H > 
'Viiiie. ilk- p e r io d ic ity  o f  th e  la ttic e  is v itia ted  an d  all th e  
-. uiim lu les tha t a re  in c u m b e n t on  th e  c r \ ‘sta l m o m e n tu m  
become less m e a n in g fu l. T h is  w ill re su lt in th e  
tr nijfimig o f  e v e n  th e  s in g le  tra n s itio n s .
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